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bstract
This study investigates the effect of thyroid hormones on the morphology of hippocampal neurons in adult rats. Hypo- and hyperthyroidism
ere induced by adding 0.02% methimazole and 1% l-thyroxine, in drinking water from 40 days of age, respectively. When the rats were 89 days
ld their brains were removed and stained by a modified Golgi method and blood samples were collected in order to measure T4 serum levels.
eurons were selected and drawn using a camera lucida.
Our results show that methimazole administration reduces the dendritic branching of the apical shafts of CA3 and CA1 pyramidal neurons manly
y increasing the distance to the first branch point in both types of neurons, and reducing branch points in the radius of 50m from the soma in
A1 neurons. Nevertheless, it was observed an increase of apical spine density in CA3 neurons from this group.
Thyroxine reduces apical and basal tree of CA3 pyramidal neurons increasing the distance to the first branch point, reducing branch points in
he radius of 50m from the soma and increases their apical and basal spine density. In CA1 field, thyroxine reduces the number of basal branch
oints.UN
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Both treatments seems to provoke alterations in the same direction reducing the dendritic branching and increasing spine density, although no
ignificances appeared in some of the parameters analyzed. The effects are more evident in thyroxine than methimazole group; and in CA3 neurons
han in CA1 neurons. In discussion it is pointed that the increase of spine density could be a mechanism to compensate the functionality reduction
hat can be provoke by the treatment effect on dendritic branching.
2007 Published by Elsevier B.V.
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. Introduction
Thyroid hormones are essential for normal brain function.
he hippocampus is a neural structure highly sensitive to the
ctions of thyroid hormones due to its high content of thyroid
ormone receptors [29,41]. The most significant and specific
egions of the hippocampus are: dentate gyrus, CA3 and CA1.
ells of dentate gyrus project, via mossy fibbers, upon den-
rites of pyramidal cells of CA3. At the same time these cells
∗ Corresponding author at: Dep. Pedagogia Sistema`tica i Social, Univ.
uto`noma de Barcelona, 08193 Bellaterra, Catalonia, Spain.
el.: +34 93 581 31 88; fax: +34 93 581 14 19.
E-mail address: fina.sala@uab.es (J. Sala-Roca).
contribute to major input system to CA1 (the Schaffer collat- 36
erals). This circuit is implicated in different functions, i.e. in 37
learning process and stress [4,23,34,40]. 38
Different studies have analyzed the effect of hypothyroidism 39
in the development of the hippocampus. These studies have indi- 40
cated that neonatal hypothyroidism decreases the weight of the 41
hippocampus [25], decreases the volume and structure of gran- 42
ular and pyramidal neurons [24,32,33], delays synaptogenesis 43
[31], affects neuroblast migration [30], increases neuronal death 44
[25] and reduces the number of synapses between mossy fib- 45
ber and CA3 pyramidal neurons and the excrescences of CA3 46
pyramidal neurons [24]. 47
In adulthood, hypothyroidism also decreases the weight of 48
the hippocampus [25,26] and the volume of the pyramidal 49
166-4328/$ – see front matter © 2007 Published by Elsevier B.V.
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Fig. 1.
neurons in CA3 and CA1 [26]. However, only in CA1 the total50
number of pyramidal neurons was reduced by adult hypothy-51
roidism [26]. Nevertheless, Alva-Sa´nchez et al. [2] found that52
hypothyroidism reduce the density of pyramidal neurons in CA353
region, and pointed out that the total number of pyramidal neu-54
rons in this area would be reduced. Montero-Pedrazuela et al.55
[27] found that short-term adult-onset hypothyroidism impairs56
dendritic arborization of immature neurons.57
The effects of neonatal hyperthyroidism on the hippocampus58
have been less studied. Gould et al. [17] injected subcutaneously59
T3 to male and female rat pups on postnatals days 2 and 4. At60
2 months of age it was found an increase of the number and61
extension of dendrites, the branching points and thorny spines62
in pyramidal neurons of CA3 field. In CA1 field, hyperthy-63
roidism only affected pyramidal neurons by increasing apical64
and basal spine density [17]. Other studies [20–22,37] indicate 65
that neonatal hyperthyroidism produces the hyperplasia of intra- 66
and infrapyramidal mossy fibbers. 67
On the other hand, adult hyperthyroidism effects on the hip- 68
pocampus are even more poorly understood. Gould et al. [18] 69
injected T3 during five consecutive days to adult female rats. 70
They found that apical and basal spine density of pyramidal 71
neurons in CA1 field was decreased but the size of their cell 72
body was not affected. Furthermore, neither the size of cell 73
body, nor spine density were affected by hyperthyroidism in 74
the CA3 field. In their study, they pointed out that the differ- 75
ence in responsiveness between CA1 and CA3 indicates that 76
adult CA1 pyramidal neurons inherently possess a greater degree 77
of structural plasticity than do adult CA3 pyramidal neurons 78
[18]. 79
Fig. 2. Effect of methimazole on CA1 and CA3 neurons.
UN
CO
RR
EC
TE
D 
PR
OO
F
Please cite this article in press as: Sala-Roca J, et al., Effects of adult dysthyroidism on the morphology of hippocampal neurons, Behav Brain
Res (2007), doi:10.1016/j.bbr.2007.11.019
ARTICLE IN PRESS+ModelBBR 5315 1–7
J. Sala-Roca et al. / Behavioural Brain Research xxx (2007) xxx–xxx 3
Fig. 3. Effect of thyroxine on CA1 and CA3 neurons.
To our knowledge, there are no studies that analyze the effects80
of permanent adult hyperthyroidism on morphological structure81
of pyramidal neurones. Moreover, the effects of adult hypothy-82
roidism have only been analyzed by Madeira et al. as stated83
above [24–26]. Our study aims to investigate the effect of thy-84
roid hormones on the morphology of hippocampal neurons in85
adult rats.86
2. Materials and methods87
2.1. Subjects88
Subjects were 21 males (seven control, seven hypothyroid and seven hyper-89
thyroid) Wistar rats bred in our laboratory. At 40 days of age rats were90
individually housed with ad libitum access to food and water. They had a91
light–dark circadian rhythm of 12 h (LP, 08:00–20:00 h). The temperature was92
regulated between 22 ± 2 ◦C and the humidity between 40 and 60%.93
2.1.1. Chemical induction of hypo- and hyperthyroidism94
Subjects were randomly allocated into the experimental groups. Treatment95
was administered via drinking water from 40 days of age until the end of the96
experiment, when the rats reached 89 days of age. The onset of puberty in97
male rats is around 40 days old [6,12,19,28]. Important changes in thyroid func-98
tion occur during puberty as an adaptation to body and sexual development99
[14]. Hypothyroidism was induced by adding methimazole (20 mg/100 ml) into100
the drinking water and hyperthyroidism was induced introducing l-thyroxine101
(1 mg/100 ml) into the drinking water [9,35,36]. Methimazole prevent the cou-102
pling and iodination of tyrosine obstructing T4 and T3 synthesis.103
This procedure were used in other studies and their efficiency inducing hypo-104
and hyperthyroidism were proved testing TSH, T4 and T3 levels [8,3].105
3. Procedure106
When the rats were 89 days of age their brains were removed107
and stained by a modified Golgi method as described by Gabott108
and Somogyi [15]. Slices (150m thick) of the hippocampus109
were obtained with a slicing microtome. A minimum of one110
neurons and a maximum of five neurons (mode = 3) per subject111
in each hippocampal region were drawn individually. As a whole112
119 neurons (45 control, 31 hypothyroid and 43 hyperthyroid)113
were drawn individually at 625×, using a camera lucida (Nikon, 114
mod Drawing tubeL). Dendrites and dendritic spines were drawn 115
at 1552.5× magnification. 116
In order to evaluate the morphological parameters we use the 117
procedure of Gould et al. [17,42]. So the parameters evaluated 118
were: distance from soma to the first branch point in apical den- 119
drite, number of apical and basal primary dendrites, number of 120
apical and basal branch points, and apical and basal dendritic 121
spine density. 122
Thyroid hormone levels were measured in order to estab- 123
lish the degree of hypo- or hyperthyroidism induced by our 124
treatment. 125
The experimental protocol was in agreement with the Euro- 126
pean Community Council Directive (EEC directive 86/609) 127
for the care and use of laboratory animals and was therefore 128
approved by the Ethical Committee on Animal and Human 129
Experimentation of the Universitat Auto`noma de Barcelona 130
(Fig. 1). Q2 131
4. Statistics 132
The data was analyzed using a commercial statistical package 133
(SPSS/PC+). Analysis of variance (ANOVA) and T-test were 134
performed to detect differences between control and each treated 135
groups in T4 levels and in morphological parameters between. 136
In order to facilitate the visual interpretation of differences in the 137
morphological parameters that have different magnitudes, data 138
are represented in Figs. 2 and 3 using Cohen’s d standardization 139
[7]. 140
5. Results 141
5.1. Effect of methimazole treatment 142
Differences in plasmatic levels of T4 confirmed that the 143
treatment was effective in reducing thyroid hormone levels. 144
T-Test shows that the methimazole group had reduced T4 145
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Table 1
Effect of hypothyroidism on pyramidal dendrites of CA3 and CA1
Parameter Methimazole group (mean ± S.E.M.) Control group (mean ± S.E.M.)
CA3
Api-
cal
tree
Distance to the first branch point 12.86 ± 1.28* 9.38 ± 0.89
Branch points in the first 50 3.29 ± 0.92 2.89 ± 0.46
Spines 2.66 ± 0.57** 0.82 ± 0.21
Basal
tree
Primary dendrites 3.80 ± 0.39 3.84 ± 0.28
Branch points in the first 50m 7.90 ± 1.03 8.10 ± 1.01
Spines 5.36 ± 1.55 1.56 ± 0.23
CA1
Api-
cal
tree
Distance to the first branch point 18.52 ± 2.68* 12.25 ± 1.68
Branch points in the first 50m 1.9 ± 0.62* 4.6 ± 2.89
Spines 4.07 ± 1.07 4.24 ± 0.87
Basal
tree
Primary dendrites 3.12 ± 0.22 3.54 ± 0.26
Branch points in the first 50m 9.88 ± 4.85 11.04 ± 0.73
Spines 3.49 ± 0.81 2.92 ± 0.61
Significances are calculated respect control group. *P < 0.05; **P = 0.001.
levels (control group X = 5.9 ± 0.4g/dl; methimazole group146
X = 1.2 ± 0.3g/dl; (t = 6.7, d.f. = 26; P < 0.001).147
5.1.1. Pyramidal neurons of CA3148
The apical tree structure of neurons from the methimazole149
group was slightly affected: The distance between the soma and150
the first branch point was increased by methimazole treatment151
(F(1, 28) = 5.08, P < 0.05). Nevertheless, the most important152
effect of this treatment was over apical spine density. This param-153
eter was increased in this experimental group in relation to154
the control group (F(1, 21) = 14.19; P < 0.001). So methimazole155
group in this variable has an average percentile of 93.3 respect of156
the average control group. The other apical and basal parameters157
were not affected.158
5.1.2. Pyramidal neurons of CA1159
Methimazole administration affects the structural tree of the160
CA1 neurons but not their spine density: Pyramidal neurons161
of methimazole group have a longer distance between soma162
and the first apical branch point (F(1, 34) = 4.32; P < 0.05), and163
fewer apical branch points in the 50m radius (F(1, 28) = 7.02;164
P < 0.05). It was not observed any statistical significant differ-165
ences in the basal tree (Table 1).Q3166
5.2. Effect of thyroxine treatment167
Differences in plasmatic T4 levels confirmed that the treat-168
ment was effective in inducing hyperthyroxinemia. T-Test shows169
that the thyroxine group had increased T4 levels (control group170
X = 5.9 ± 0.4g/dl; thyroxine group X = 20.66 ± 2.63g/dl;171
t = −7.9, d.f. = 26, P < 0.001).172
5.2.1. Pyramidal neurons of CA3173
The effects of thyroxine administration on the structural tree174
were more evident than in methimazole administration. Neu-175
rons of thyroxine group in relation to control group have: a176
longer distance between the soma and the first apical branch 177
point (F(1, 34) = 17.07; P < 0.001), fewer apical branch points 178
in the 50m radius (F(1, 31) = 5.78; P < 0.05), and fewer basal 179
primary dendrites (F(1, 33) = 9.11; P < 0.01). On the contrary, 180
thyroxine increase both, apical (F(1, 29) = 21.99; P < 0.001) and 181
basal (F(1, 35) = 5.25; P < 0.05) spine density significantly. In 182
apical spine density, thyroxine group has an average percentile 183
of 95 respect of the average control group. 184
5.2.2. Pyramidal neurons of CA1 185
Thyroxine administration modifies the structural tree: neu- 186
rons of thyroxine group have a longer distance between soma and 187
the first apical branch point and fewer basal primary dendrites 188
– although these effects did not reach a significant level, these 189
differences are closer to statistical (F(1, 39) = 3,81; P = 0.06 and 190
F(1, 44) = 3.06; P = 0.09) – and fewer basal branch points in the 191
50m radius (F(1, 44) = 4.79; P < 0.05). Thyroxine administra- 192
tion increase the basal spine density, but this effect did not reach 193
the significant level (F(1, 39) = 3.63; P = 0.06) (Table 2). 194
5.3. Vulnerability of CA1 AND CA3 195
In order to observe the differences in vulnerability of pyra- 196
midal neurons of CA1 and CA3 to dysthyroidism, we compared 197
the increase or decrease in the parameters analyzed respect to 198
the control group in both areas. Results show that the effects 199
of both treatments over CA1 and CA3 areas go globally in the 200
same direction. 201
Methimazole (Fig. 2) increases apical spines (t = −4.09; 202
d.f. = 13; P < 0.01) in CA3 but not in CA1. There is a reduc- 203
tion of apical branch point in CA1 only (this difference is near 204
to statistical signification, t = −2.44; d.f. = 15; P = 0.06). 205
Thyroxine (Fig. 3) also affects more CA3 than CA1 and this 206
effect is more evident in apical zones. Thyroxine affects more 207
CA3 than CA1 in the distance to the first branch (t = −2.30; 208
d.f. = 34; P < 0.05); the number or primary dendrites (this dif- 209
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Table 2
Effect of hyperthyroidism on pyramidal dendrites of CA3 and CA1
Parameter Control group (mean ± S.E.M.) Thyroxine group (mean ± S.E.M.)
CA3
Apical tree Distance to the first branch point 9.38 ± 0.89 16.08 ± 1.43***
Branch points in the first 50m 2.89 ± 0.46 1.40 ± 0.39*
Spines 0.82 ± 0.21 3.91 ± 0.64***
Basal tree Primary dendrites 3.84 ± 0.28 2.69 ± 0.25**
Branch points in the first 50m 8.10 ± 1.01 8.56 ± 0.73
Spines 1.56 ± 0.23 2.62 ± 0.41 *
CA1
Apical tree Distance to the first branch point 12.25 ± 1.68 17.44 ± 2.07
Branch points in the first 50m 4.6 ± 2.89 2.75 ± 0.93
Spines 4.24 ± 0.87 5.60 ± 1.14
Basal tree Primary dendrites 3.54 ± 0.26 2.95 ± 0.20
Branch points in the first 50m 11.04 ± 0.73 8.41 ± 0.97*
Spines 2.92 ± 0.61 5.23 ± 1.07
Significances are calculated respect control group. *P < 0.05; **P < 0.01; ***P < 0.001.
ferences is near to statistical signification, t = −2.15; d.f. = 33;210
P = 0.08); spines (t = −3.80; d.f. = 30; P < 0.01); and basal pri-211
mary dendrites (this differences is near to statistical signification,212
t = 1.92; d.f. = 36; P = 0.06). The exception is basal branch points213
that are more affected in CA1 than CA3 (t = −2.40; d.f. = 36;214
P < 0.05).215
The effects of thyroxine treatment over morphological vari-216
ables were greater in CA3 than CA1. In CA3 all the variables217
analyzed, except basal branch points, presents an average per-218
centile greater than 75 in reference to the average control group,219
whereas in CA1 all the average percentile for thyroxine group220
was between 64 and 73.221
6. Discussion222
The increase in spine density could be the most relevant223
result observed in this study. This effect can be observed in224
methimazole and, especially, thyroxine treatment and it can be225
observed in both, CA3 and CA1 fields, although it is only signifi-226
cant in CA3 field. These results are surprising because they could227
indicate that both treatments increase hippocampal functional-228
ity. In fact several studies have shown that neonatal thyroxine229
treatment produces the hyperplasia of mossy fibbers [20–22,37].230
Gould et al. [17,18] observed that adult hyperthyroidism231
results in a decrease of dendritic spine density in CA1, but not232
in CA3. Our results are in disagreement with those obtained233
by Gould et al. [18]. These authors induced an acute hyperthy-234
roidism in adult female rats while in our study we have used a235
longer treatment in male rats. So the differences in the results236
can be explained in terms of different type of treatment and237
sex differences. In fact, Madeira et al. [26] found sexual differ-238
ences in the effect of hypothyroidism over pyramidal neurons.239
Other authors have found different effects after short (8 days)240
and prolonged (30 days) hypothyroidism [5].241
In methimazole treated rats, an increase of spine density was242
also observed in CA3 neurons. This observation is in agreement243
with what Madeira and Paula-Barbosa [24] described, namely244
that adult hypothyroidism increases the numerical density of 245
synapses with mossy fibbers. Since dendritic spines are thought 246
to be postsynaptic sites, it is likely that changes in spine den- 247
sity reflect changes in synaptic density. Over 95% of excitatory 248
synapses on neurons occur on the dendritic spines, with each 249
spine head typically receiving one synapse [13]. It must be 250
taken into account that studies that are based on counting fixed 251
spines might underestimate dynamic changes on spine density 252
[38]. 253
However, the spine density increase should not be analyzed in 254
isolation. Both treatments also affect the dendritic branching. So 255
thyroxine administration seems to reduce dendritic branching 256
of the apical shafts mainly increasing the distance to the first 257
branch point, but this effect was only significant in the CA3 258
field, where also reduces apical branch points in the first 50m. 259
Hyperthyroidism also affects the dendritic branching of the basal 260
shafts. Regarding control group, thyroxine group has fewer basal 261
primary dendrites in CA3 field and fewer basal branch points in 262
CA1 field. 263
Methymazole administration has effects similar to those of 264
thyroxine treatment, but these effects are less significant. Thus 265
adult hypothyroidism seems to reduce the dendritic branching 266
of the apical shafts of CA3 and CA1 pyramidal neurons, mainly 267
increasing the distance to the first branch point. The total den- 268
dritic branching is more reduced in CA1 than in CA3 neurons 269
due to the fact that the apical branch points in the first 50m 270
were more reduced too. 271
Madeira et al. [26] found that thyroid hormone deficiency 272
starting either neonatally or during maturity leads to a decrease 273
in the total number of pyramidal neurons in CA1 but not in 274
CA3 region. They concluded that hypothyroidism induces small 275
alterations in the structural organization of the hippocampal CA3 276
region, contrary to what happens in CA1 in which neuronal 277
death occurs. Our results are in agreement with Madeira and 278
co-workers, and considering that in CA1 there is no increase of 279
spine density, the functionality reduction would be more severe 280
in CA1 than in CA3 hippocampal area. 281
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The minor effects of methimazole treatment could be surpris-282
ing since in animal studies carried out by our and others groups283
[9,10,35,36] show that behavioural effects are more important in284
hypothyroidism than in hyperthyroidism. Nevertheless, it must285
be taken into account that other variables affected by dysthy-286
roidism, not included in this study, are relevant in order to explain287
behavioural changes. For example, some authors have found that288
adult hippocampus neurogenesis is affected by hypothyroidism289
[1,11,27] but not by hyperthyroidism [11].290
According to the above mentioned, the increase of spine291
density could be one mechanism to compensate the branching292
reduction and the loss of neurons. Nevertheless, this effect would293
be evident in CA3 field. In fact, different studies have shown that294
thyroid manipulation affects mossy fibbers, the major input of295
pyramidal neurons in CA3 [20–22,37]. We do not know if a296
similar effect has been described in Schaffer fibbers, the major297
input of pyramidal neurons in CA1. However, Gerges et al. [16]298
found that hypothyroidism impairs the expression of E-LTP in299
the Schaffer collateral synapses. Sunanda et al. [39] found that300
stress induces dendrite atrophy, and increase apical and basal301
spines in CA3. These authors pointed out that this increase of302
spines could be interpreted as a compensation mechanism for303
the loss of the dendritic extension or as the increase of the activ-304
ity of glutamatergic system. Both possibilities could explain our305
results.306
In conclusion, (1) both, methimazole and thyroxine treatment307
affect pyramidal neuron morphology. (2) Treatments provoke308
alterations in the same direction: reduction of some parameters309
of dendritic branching and increase of spine density. (3) This310
reduction in dendritic branching and the increase of spine density311
is more evident in thyroxine than methimazole group. (4) The312
effects are more evident in CA3 neurons. However, the increase313
spines in this field could be a compensatory effect to prevent the314
lost of functionality caused by the dendritic branching reduction.315
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